Linkage disequilibrium (LD), non-random association of alleles at closely linked chromosomal loci, has been used as a tool in the identification of disease alleles, and this has led to an improved understanding of pathology in many monogenic Mendelian human diseases. We are currently moving from the mapping and identification of monogenic disease loci to attempts at identifying loci involved in predisposition to multifactorial diseases. In the selection of ascertainment strategies in the studies of these complex diseases, the extent of background LD in different populations is an important consideration. Here, we compare the extent of LD among the alleles of linked loci in a randomly ascertained sample of individuals from the Finnish population and a set of individuals ascertained from the region of Kuusamo, a small sub-population, founded some 13 generations ago, which has experienced very little subsequent immigration. Thirty-three microsatellite loci were genotyped in chromosomal regions on 13q, 19q, 21q, Xq, and Xp. The genetic diversity of these loci was determined separately in the general Finnish sample and in the Kuusamo sample. The X-chromosomal loci are characterised by higher levels of LD in the samples from Kuusamo than in the much larger (and older) general population of Finland, whereas in alleles of autosomal loci very little LD was seen in either of these two samples.
Introduction
The quantification of LD on randomly ascertained chromosomes is an important step in evaluating the potential for gene mapping in different populations. Populations with an unusual history characterised by a high level of genetic drift due to a restricted number of founders which subsequently expanded, and population bottlenecks, reducing the genetic diversity of a population, and/or small population size can provide good conditions for identification of disease alleles.
The existence of high levels of LD over large chromosomal regions is characteristic of populations with reduced haplotype diversity. Such reductions in haplotype diversity are indicative of reduced allelic diversity resulting from the same demographic events, though the reductions in haplotype diversity can be demonstrated with greatly reduced sample sizes, due to the increased informativeness of haplotypes over alleles of single loci as measures of drift. This may lead to greater levels of LD over larger chromosomal regions between anonymous marker loci and disease alleles (true positives), although there may likewise be chromosomal segments shared by chance among random samples (false positives) with higher frequency as well. Population history studies can therefore be of use in both linkage and LD-based mapping projects. 1 Gene mapping in rare monogenic diseases using LD has been particularly successful in rapidly expanded isolated populations (with a small effective population size relative to the disease allele frequency) like that of Finland. Rare disease alleles that increased rapidly in copy number during the expansion of the population have exhibited LD with polymorphic loci at chromosomal intervals of up to 13 cM, offering advantages for initial locus identification. 2 For common diseases, however, the situation tends to be less clear-cut due to allelic heterogeneity, the older age of the alleles, 3 and difficulties in defining the disease phenotype. 4 Simulations and some population studies have suggested that less background LD should exist in rapidly growing populations than in populations of constant size. [5] [6] [7] [8] However, the situation in smaller and younger sub-populations has not been studied previously. It should be noted that higher levels of LD are coincident with and result from reductions in haplotype diversity, which is a surrogate for allelic diversity. For this latter reason, smaller populations with extensive reductions in haplotype diversity may be expected to have fewer, more easily identifiable diseasepredisposing alleles at a reduced number of loci than larger populations with extensive haplotype (and correspondingly allelic) diversity. 4 The 'founding' of today's Finnish population is hypothesised to have taken place in the beginning of the first millennium AD with small migrant populations, mostly from the South, 2,9-12 forming settled dwellings in villages. Finland has been inhabited for about 10 000 years, since the last glacial period, but in prehistoric times, only a few thousand natives could have been supported by hunting, fishing, and gathering. Farming was introduced into the southern and south-western coastal areas some 3000-4000 years ago by Eastern Uralic immigrants hypothesised by the dual theory of Finland's habitation, which is supported by analysis of Y-chromosome haplotype variation. 13, 14 Founder effects, genetic drift, and subsequent isolation of this population can be seen in the reduced allelic diversity, characterised by the 'Finnish disease heritage', which refers to 35 rare, mostly autosomal recessive, Mendelian disorders over-represented in Finland. 10, 15 Causative mutations have so far been identified in 19 of the diseases and 13 more have been mapped to restricted chromosomal regions. The molecular findings in these diseases are consistent with the hypothesis of one major founder mutation responsible for the majority of cases of these diseases in Finland. 2, 16 Fast expansion, increasing the population size in Finland from 250 000 to the present 5 million, began in the 16th century, when groups of farmers, mostly inhabiting a small area of South Savo in south-eastern Finland, moved to the central, western and finally northern parts of the country, clearing the land by fire, and founding regional sub-isolates. Thus, within a century, the inhabited land area of Finland doubled. An excellent example of this isolation by distance is the population of Kuusamo in the wilderness of northeastern Finland near the present-day border with Russia ( Figure 1 ). This area is known to have been inhabited at the end of the 17th century by small immigrant groups from the south and west, and 39 of these families survived the great famine of 1695-1697. When parish registers were established in 1718 the population in the 165 houses numbered 615. The population of Kuusamo subsequently grew to its present 18 000 and remained isolated until World War II. Our recent genealogical search has indicated that practically all inhabitants of Kuusamo born before 1939 have ancestors from these 39 families and show numerous genealogical connections. 17 Such sub-populations, established by only a few people, have received attention as promising resources for identifying the genetic components of complex diseases. The small population size, lack of migration, and multiple relationships between individuals in the population could reduce the genetic diversity, and lead to increased levels of Figure 1 The main migration movements to Kuusamo (shaded) on the map of Finland. Kuusamo was inhabited at the end of the internal migration movement mainly by families from Ostrobothnia and from South Kainuu, both groups having originated from South Savo in the 1500s. The population growth rates were calculated by g Ö p/f, where g = generations from the founding of the population, p = population size today and f = population size at foundation (we assumed g = 12, p = 18 000, and f = 80 for the Kuusamo and g = 120, p = 5 000 000 and f = 10 000 for the all-Finland sample, assuming that one generation is equal to 30 years).
LD in expanded isolated populations T Varilo et al y linkage disequilibrium (LD). Furthermore, disease alleles which might be found at higher frequency in this isolate due to drift, may allow for association and identity-by-descent (IBD) mapping of alleles involved in more common disease. 1, 18 This study was undertaken to address the question of the extent of LD in randomly ascertained chromosomes from such population isolates. We studied the allelic association of microsatellite loci in samples from the Kuusamo subpopulation, which was founded 300 years ago, and compared it with LD in a randomly ascertained sample of chromosomes from the general Finnish population. The three autosomal regions ( Figure 2 ) were chosen flanking three known disease loci of the 'Finnish disease heritage' on 13q (variant late infantile neuronal ceroid lipofuscinosis; vLINCL), 19q (congenital nephrosis; CNF) and 21q (autoimmune polyendocrinopathycandidosis-ectodermal dystrophy; APECED), which were identified through LD extending over wide intervals around the rare disease alleles (consistent with expectations given their recent common ancestry) of 11 cM in the case of vLINCL, 19 
Materials and methods

DNA samples
The random sample from the overall Finnish population consisted of families (n = 64), with parents and one child obtained from paternity tests from all over Finland. The Kuusamo sample consisted of families, with parents and one child affected with schizophrenia, collected from across the community for our schizophrenia study in Kuusamo (n = 28). 17 X-chromosomal haplotypes were determined for 39 Kuusamo males and for 80 Finnish males originating from these sample sets. Total DNA was extracted from the leukocytes of frozen peripheral venous blood using standard procedures.
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Microsatellite typing
The Finnish and Kuusamo families were genotyped on 13q, 19q and 21q with five, seven and six microsatellites, respectively, and the males were genotyped on Xq13 and Xp22 with eight and seven dinucleotide markers, respectively (Tables A and B For the autosomal regions, the initial dinucleotide marker was chosen as near to the disease locus as possible, and the other loci studied were selected over gradually increasing distances ( Figure 2 ). The two X-chromosomal regions differ in the density of the markers studied; on Xq13, 8 microsatellites map to a region of < 4 cM, 25 whereas on Xp22, 7 markers are located with 15 cM (Figure 2 ). The X-chromosomal markers were typed as described. 7 For the autosomal markers, PCR was performed in microtiter wells in a volume of 15 µl containing 10 ng template DNA, 5 pmol primers, 0.2 mM of each of the nucleotides, 20 mM
Figure 2
Genetic maps and allelic associations between microsatellite loci on chromosomes 13, 19, 21, and X. Above the line the interval is indicated which reveals LD in disease chromosomes. 19, 21, 20 Below the line the interval of significant pairwise LD (P < 0.05) seen in the general study populations of Finland and Kuusamo is given. The very long pairwise LDs seen below with weak evidence of association are expected to be due to the rate of false positives.
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Tris-HCl (pH 8.8), 1.5 mM MgCl2, 15 mM (NH4)2SO4, 0.1% Tween, 0.01% gelatin, and 0.1 U Taq polymerase (Promega; Falkenberg, Sweden). An initial denaturation at 94°C for 3 min was followed by 30-35 (depending on the primers) cycles of denaturation at 94°C for 30 s, annealing at 46-60°C (depending on the primers) for 30 s and extension at 72°C for 30 s, and a final elongation stage at 72°C for 5 min. Tetranucleotide amplicons were electrophoresed on an automated laser fluorescence DNA sequencer (Pharmacia LKB A.L.F.; Uppsala, Sweden) and the molecular sizes resolved with allele links software (Pharmacia Biotech). The dinucleotide loci, amplified with primers radiolabelled at the 5' end with 32P g-ATP, were separated by electrophoresis with 1400 V for 2-4 h in 5% denaturing polyacrylamide sequencing gels. After drying, the gels were subjected to autoradiography on Kodak X-OMAT film for 1-7 days and the alleles were determined from the autoradiographs. Haplotypes were constructed manually, assuming the haplotypes in each family to be those which can be explained with a minimum number of obligate recombinations.
Data analysis
Allele frequencies for each microsatellite locus were estimated by gene counting 26 and the locus diversity was estimated as
where p i is the estimated frequency of the ith allele at the locus. 27 To describe the extent of non-random allelic association between pairs of loci, the tail probability (P value) of Fisher's exact test was determined using GenePop 1.0.
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Differences in allele frequency distributions at the microsatellite loci were evaluated by exact tests for population differentiation, 29 as determined by GenePop 1.0. 28 We also applied a more powerful likelihood ratio test for LD between the loci, see Terwilliger and Ott, 30 and Göring and Terwilliger, 31 as described in more detail in the randomisation test section.
Randomisation test
In order to compare the strength of LD between Kuusamo and the global Finnish sample, it was necessary to equilibrate the sample sizes used in order to avoid concluding that the larger population had more LD simply because there is more power to detect LD in a larger sample. To this end, a bootstrap analysis was performed, 32, 33 in which collections of 50 haplotypes from each population were sampled (with replacement) per bootstrap replicate. For each pair of marker loci, in each sample of 50 haplotypes, a likelihood ratio test was performed to compare the haplotype frequencies allowing for LD to the haplotype frequencies obtained, assuming absence of LD 31, 32 to be
0 000 bootstrap samples were generated in order to estimate the distribution of L for a sample of 50 haplotypes only (39 for the X-chromosomal data because of the smaller available sample sizes). Next, another bootstrap was performed, in which a set of 50 haplotypes (39 for the X chromosome) from each population was simulated by independently sampling (with replacement) one allele at each marker locus to generate 50 haplotypes (39 in X) with no LD. The statistic Λ was computed for each bootstrap replicate to estimate the distribution of Λ under both the null (Λ 0 ) and alternative (Λ 1 ) hypotheses. In effect, f Λ0 is a bootstrap estimate of the distribution of the statistic Λ under the null hypothesis of no LD. If under alternative hypothesis we had a single statistic, Λ 1 , then P(Λ 0 > Λ 1 ) would be a bootstrap estimate of the P value. However, because we performed 10 000 subsamples from the larger total sample of haplotypes, we do not have a single value for the statistic Λ 1 , but rather a distribution of values for this statistic. Thus we computed the expected P value per subsample of 50 replicates by integrating over this entire distribution, by E[P(Λ 0 > Λ 1 ] = º°0 P(Λ 0 > Λ 1 )df Λ1 , which we estimated by comparing all the simulated replicates of Λ 0 to Λ 1 by the double sum
where Λ 0 (i) is the value of the statistic Λ 0 in the i-th subsampled bootstrap replicate, and N is the total number of comparisons (10 000 ϫ 10 000 = 100 000 000). In our randomisation subsample test, this estimated probability would correspond to the chance of finding as much LD as was observed in a random subsample of 50 haplotypes from the dataset if there were no LD between the loci, and is analogous to a normalised 'P value' to facilitate comparing the LD observed in the isolate and in the general Finnish samples. All the bootstrap replicates were made independently for the two samples, and the resulting statistical results are summarised in Table 1 .
Results
Only small differences in the number of alleles were found between the Kuusamo subisolate and Finland as a whole (Table A on our website). Nine out of 18 autosomal markers and eight out of 15 X-chromosomal markers revealed a smaller number of alleles in the Kuusamo sample than in the all-Finland sample. The allele frequency distributions were significantly different for 11/18 autosomal and 14/15 X-chromosomal microsatellites at the P < 0.05 level, and 4/18 autosomal and 8/15 X-chromosomal markers at the P < 0.001 level.
Both the Finnish and Kuusamo study samples revealed an almost complete absence of evidence for LD in our samples for all three autosomal regions studied (Figure 2 ; Table 1 ). For The first two columns give the results of the Fisher exact test, which determines the probability of a dataset that is as unlikely as or more unlikely than the dataset observed under the assumption of no linkage disequilibrium (GenePop 1.0 software 28 ). The next two columns are the P values obtained from a likelihood ration test comparing the alternative hypothesis of linkage disequilibrium with the null hypothesis of the absence of linkage disequilibrium. While both tests attempt to disprove the null hypothesis of the absence of linkage disequilibrium, the relevant statistics are different. In the Fisher exact test, the inference is based on how unlikely the data are when the null hypothesis is true, whereas in the likelihood ratio test, the inference is based on how many more times more likely a dataset is under the alternative hypothesis than under the null hypothesis. In general this test is more powerful than the Fisher exact test when there are multi-allelic marker loci; and when a marker locus has two alleles their properties are the same. The P values presented are similarly 'exact', giving the probability of a dataset resulting in a statistic as large as or larger than that found in the observed data. The fifth and sixth columns are also based on the likelihood ratio tests, adjusted for sample size, as described in the text. There were more Finnish than Kuusamo families in the study, so there is more power to detect LD in the all-Finland sample, even if there were no differences in the existing levels of LD. These two columns are the result of a bootstrap subsampling analysis where samples of 50 autosomes or 39 X chromosomes (fewer X because of the reduced sample size available) from each population were sampled to determine the expected P values in each population when the sample sizes were fixed to be equal (see text for details). The bootstrap procedure was applied separately to the Finnish and the Kuusamo data. Significant allelic associations (P<0.05) are in bold, and associations suggestive of LD (P<0.1) are underlined. In the Kuusamo population, the Xp22 region revealed slightly increased levels of LD with six associated locus pairs over distances 0.1-8 cM (P = 0.003-0.04) in the reduced subsample. At Xq13, a region characterised by an extremely high physical/genetic distance ratio, a large number of allelic associations were detected in the Kuusamo samples. Of the 28 polymorphic marker pairs tested, 11 showed LD at the 0.05 significance level, four of which have P < 0.01, of which two had P < 0.001. Most of these associations were found between tightly-linked pairs of loci ( < 1 cM).
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Discussion
We identified slightly more LD in Kuusamo than in Finland as a whole, at least on the X-chromosome, if not the autosomes. According to theoretical expectations, not only the founder population size and the time since expansion, but also the growth rate, can influence the amount of LD present in a growing population. 5 This could indicate that the level of haplotype diversity on the chromosomes of the founder population may have been relatively high, in which case the Kuusamo founder population size of approximately 39 families at the end of the 17th century is still too large to find significant levels of LD. In the Kuusamo population, we observed only single, randomly associated pairs of loci on the autosomes, and even on the X chromosome, with a smaller number of recombinations and smaller effective population size, the LD patterns were preserved systematically only over very short ( < 1 cM) genetic distances. The reduction in the number of alleles in the Kuusamo subisolate was observed only for the X-chromosomal markers, the difference in the autosomal markers being small. Also the population growth rate over the past 300 years, which reached 170% per generation for Kuusamo and 135% for the whole of Finland, is expected to break down background LD in the founder population. Furthermore, for Kuusamo, this 170% represents the growth rate over the entire expansion period of 300 years after its foundation, whereas, for the Finns as a whole, the population growth has been spread over 3000 years with a mean increase of 106% per generation. The prognosis of the success of both linkage and LD mapping depends on the demographic history of the population. 34 Expanded and relatively isolated populations, like the Finns, have proved suitable for successful mapping of rare monogenic diseases. 20, [35] [36] [37] According to the results presented here, only a very small level of LD is likely to exist between alleles of microsatellite loci on randomly ascertained chromosomes, rendering the interference from the background LD negligible, whereas there may be long conserved haplotypes flanking rare disease alleles, as the alleles are clonally identical from some single common ancestral chromosome due to linkage in the population-as-pedigree. 4 ,34 When a sample is ascertained randomly, and not on the basis of the sharing of a rare (eg disease-predisposing) allele, associations with the surrounding markers are not expected, but when the ascertainment is conditional on the presence of a rare allele, and all the copies of that allele are clonal, there may be considerable LD. Information on LD from neutral alleles in anonymous marker loci and from disease alleles has been useful in identifying the locus that has an allele causing the disease, and in fine mapping the precise genomic location of the disease allele. 19, 35, 38 However, it has been claimed that in complex traits, with multiple (perhaps common) diseasepredisposing DNA variants at the population level, representing multiple rare mutations or a few common, and therefore old, mutations, LD may not be such a useful tool. 3 As shown here for autosomal markers in Kuusamo and Finland, both representing expanded populations, the interval revealing LD in alleles in the general population is negligible. This is in accord with a previous study 7 in which seven dinucleotide loci spanning approximately 4 cM on Xq13 revealed LD with only 1-3 of the 21 pairs of loci in three expanded populations: those of Estonia, Finland, and Sweden. However, as a representative of a small, constant population (which went through repeated bottlenecks but never subsequently expanded), in the Saami, LD was detected in 25/36 pairs of loci, over genetic distances as large as 5.6-5.8 cM (three pairs). Thus, in small, constant populations, greatly reduced allelic and haplotype diversity tends to be found over wide areas, as LD can be generated rapidly through the process of genetic drift. 7, 8, 39 In Finnish sub-populations arising from the old region of early settlement, we have earlier observed that in alleles associated with complex diseases, such as essential hypertension and multiple sclerosis (MS), LD is detectable only over a greatly restricted interval. In such cases, LD was observed to span some 30-40 kb: examples are the angiotensin II receptor type-1 gene in hypertension and the HLA region of the golli-MBP gene in MS. [40] [41] [42] Our data should not discourage scientists from pursuing studies of samples from such genetic isolates. Because of the reductions in genetic, cultural, and environmental heterogeneity in these populations, phenotypic observations are better able to predict the underlying disease-predisposing genotypes, and since the affected individuals in these populations are most certainly related if one looks far enough back into the genealogy, their predisposing alleles may often be IBD. This is borne out by the observations in our initial studies of schizophrenia in the Kuusamo population, where genealogical knowledge of the population structure resembling a very large pedigree offered many advantages. The linkage analysis provided the most significant evidence to date of a region in which a putative disease locus might reside, whereas LD analysis of the same markers in a random cohort of case and control individuals produced little or no such evidence. LD studies of random 
